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Abstract

Natural product biosynthetic pathways contain a plethora of enzymatic tools to carry out difficult
biosynthetic transformations. Here we discover an unusual mononuclear iron-dependent
methyltransferase that acts in the initiation steps of apratoxin A biosynthesis (AprA MT1). Fe3*-
replete AprA MT1 catalyzes one or two methyl transfer reactions on the substrate malonyl-ACP
(acyl carrier protein), whereas Co2*, FeZ*, Mn2* and Ni2* support only a single methyl transfer.
MT1 homologs exist within the “GNAT” (GCN5-related N-acetyltransferase) loading modules of
several modular biosynthetic pathways with propionyl, isobutyryl or pivaloyl starter units. GNAT
domains are thought to catalyze decarboxylation of malonyl-CoA and acetyl transfer to a carrier
protein. In AprA the GNAT domain lacks both decarboxylation and acyl transfer activity. A crystal
structure of the AprA MT1-GNAT didomain with bound Mn2*, malonate and the methyl donor S
adenosylmethionine (SAM) reveals that the malonyl substrate is a bidentate metal ligand,
indicating that the metal acts as a Lewis acid to promote methylation of the malonyl a-carbon. The
GNAT domain is truncated relative to functional homologs. These results afford an expanded
understanding of MT1-GNAT structure and activity, and permit the functional annotation of

"To whom correspondence should be addressed JanetSmith@umich.edu.

Accession Codes. The atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB ID codes 6B39
(AprA MT1-¥GNAT SAH bound), 6B3A (AprA MT1-¥GNAT Mn2* and SAM bound), and 6B3B (AprA MT1-¥GNAT malonate,
Mn2* and SAM bound).
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homologous GNAT loading modules both with and without methyltransferases, additionally
revealing their rapid evolutionary adaptation in different biosynthetic contexts.

INTRODUCTION

Prokaryotic secondary metabolite biosynthetic pathways use an assortment of enzymatic
tools to synthesize some of the most elegant and chemically complex molecules found in
nature. Polyketide metabolites are mostly synthesized through the successive condensation
of malonyl or methylmalonyl coenzyme A (CoA) extender units in a manner similar to fatty
acid biosynthesis. In type | modular polyketide synthase (PKS) systems, each extension step
starts with acyltransferase (AT) selection of a specific carboxyacyl-CoA for transfer to the
phosphopantetheine (Ppant) cofactor of the acyl carrier protein (ACP) domain within the
module. This is followed by decarboxylative condensation with the upstream intermediate in
the ketosynthase (KS) domain, and then by optional modifications by ketoreductase,
dehydratase, enoylreductase or methyltransferase (MT) domains in the module, or external
enzymes encoded in the gene cluster 1. In this manner PKS systems synthesize a variety of
essential pharmaceuticals, such as the anthelmintic avermectin, immunosuppressant
rapamycin, and antibiotic erythromycin, using a common set of enzymes 2. In some cases,
PKS modules are interspersed with non-ribosomal peptide synthetase (NRPS) modules,
which incorporate amino acid building blocks into the linear product.

Modular PKS systems initiate biosynthesis in a “loading module” by transfer of a specific
acyl group to the loading ACP. Several mechanisms of pathway initiation have been
described; frequently, a loading acyltransferase (AT ) primes the ACP with an acyl group
such as acetyl-, malonyl-, or methylmalonyl-CoA. An a-carboxylated acyl group can be
decarboxylated by a non-extending ketosynthase domain °. In other cases, the loading
modules select chemically diverse starter units derived from amino acids,
cyclohexanecarboxylic acids, fatty acids, or branched chain CoAs > 8. For example,
isobutyryl-CoA, methylbutyryl-CoA, and isovaleryl-CoA, derived from the catabolism of
valine, leucine, and isoleucine through a branched chain a-keto acid dehydrogenase
(BCDH) complex, are the starter units in the biosynthesis of virginiamycin, avermectin and
myxothiazol, respectively 7-10, An AT, directly primes the ACP with the branched-chain
acyl group in these pathways 2 11,12,

We previously reported the discovery and characterization of the GNAT loading module
family (Figure 1). The CurA loading module 13 initiates biosynthesis of the anti-cancer
cyanobacterial compound curacin A4, Although the GNAT superfamily generally includes
CoA-dependent A-acetyltransferases 1° 16, the CurA GNAT is a remarkable bifunctional
enzyme that decarboxylates malonyl-CoA to acetyl-CoA and catalyzes S-acetyltransfer to an
associated ACP 13. Clues to the evolutionary origin of the CurA GNAT decarboxylase
activity came from the subsequent discovery that malonyl-CoA decarboxylase (MCD) is a
GNAT superfamily member 17. MCD, which is conserved from bacteria to humans,
catalyzes only decarboxylation. Thus, the GNAT superfamily may be better described as a
“CoA binding” family, as members have a common mode of CoA binding and may catalyze
acyltransfer, decarboxylation or both.
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GNAT loading modules in biosynthetic pathways for natural products that contain branched-
chain starter units also include a putative methyltransferase domain (MT1), which precedes
the GNAT domain in the module (Figure 1a, 1b, 1c) 1819, This path to incorporation of
branched-chain starter units was identified recently in the annotation of gene clusters for
biosynthesis of gephyronic acid (Gph) 18 and apratoxin A (Apr) 2021, a Sec61 inhibitor
22,23 Based on the natural product structures, the AprA loading module installs a pivaloyl
group, whereas GphF introduces an isobutyryl group into gephyronic acid (Figure 1a, 1b).
Isotopic labeling of the gephyronic acid producer Cystobacter violaceus with 13C-methyl-L-
methionine demonstrated that the isobutyryl starter group is derived from S
adenosylmethionine (SAM) and not from valine, likely via GphF MT1 18, The MT1-
containing loading modules also include a mysterious ~150-residue N-terminal “adaptor
region” (AR), which has no detectable homology to proteins of known structure or function.
The AR domain of CurA (Figure 1f) enhanced, but was not essential to, the GNAT &
acyltransfer activity 13. Pivaloyl-producing modules, such as AprA, include an additional
methyltransferase (MT2) following the GNAT (Figure 1a) 2°. The MT1 sequences are highly
conserved, but are distantly related to methyltransferases of known structure and to MT2.

Here we describe initial steps in the production of branched-chain polyketide starter units by
GNAT loading modules. Through structural and biochemical characterization of AprA MT1,
we discovered an unusual mononuclear iron-dependent methyltransferase, which catalyzes
two methyl transfer reactions to produce dimethylmalonyl-ACP. Methylmalonyl- or
dimethylmalonyl-ACP produced by MT1 homologs can be further decarboxylated by GNAT
to yield propionyl or isobutyryl starter units. In pivalate-producing modules, such as AprA,
the GNAT is truncated and not catalytically active. Characterization of AprA MT1 resolves
the functional annotation of GNAT loading modules from several biosynthetic pathways,
including gephyronic acid 18, myxovirescin 24, saxitoxin 1° and bryostatin 2°.

RESULTS AND DISCUSSION

Bioinformatic analysis of MT1-GNAT loading modules

The AprA amino acid sequence was used to identify several homologs of AR-MT1-GNAT
in annotated and unannotated secondary metabolite biosynthetic pathways in proteobacteria,
cyanobacteria, dinoflagellates, firmicutes, and planctomycetes. The homologous sequences
from pathways with characterized natural products represent loading modules that
incorporate starter units larger than acetate (propionate, isobutyrate), which could be derived
from the decarboxylation of methylmalonyl- or dimethylmalonyl-CoA/ACP or from
methylation of acetyl- or propionyl-CoA/ACP (Figure 1a, 1b, 1c). Our search identified an
unannotated MT domain in the myxovirescin biosynthetic pathway where Tal module 1
contains an AR-MT1-GNAT tridomain (Figure 1c) that could generate a propionyl starter
unit for synthesis of the myxovirescin C3-hydroxyvaleryl moiety, consistent with 13C
labeling studies 24. Another variant occurs in the rhizoxin pathway, which incorporates an
unbranched acetyl starter unit despite the AR-MT1-GNAT loading module architecture
(Figure 1d) 6. However, the RhiA MT1 sequence lacks the characteristic SAM-binding
motifs, indicating that it is nonfunctional (Supplementary Figure 1). We also identified
several AR-MT1-GNAT loading-module variants that lack AR, MT1 or both [MT1-GNAT-
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ACP (Figure 1e), AR-GNAT-ACP (Figure 1f), GNAT-ACP (Figure 1g)]. and have predicted
acetyl starter units. We conclude from the sequence analysis that AR-MT1-GNAT loading
modules produce starter units larger than acetyl by SAM-dependent methy! transfer via the
MT1, and that both AR and a functional MT1 are required for the biosynthesis of C-
methylated acetyl starter units.

AprA, the pivaloyl-producing loading module in apratoxin biosynthesis, contains a second
MT (MT2) following the GNAT (Figure 1a) 20. Among several homologous sequences
having both MT1 and MT2 domains, only AprA and BryX are from pathways with natural
products of known structure. The bry.X gene is a poorly characterized element of the gene
cluster for bryostatin 25, a protein kinase C modulator 2. The AR-MT1-GNAT-MT2-ACP
domain architecture of BryX is consistent with several isolated bryostatins that contain
pivaloy! groups 25, leading to the prediction that MT2 is needed for a third methyl transfer in
both apratoxin and bryostatin biosynthesis.

AprA AR-MT1-GNAT Structure

In order to understand the function of the common AR-MT1-GNAT loading module, we
sought a stable AprA fragment for biochemical and structural studies. By screening several
fragments for solubility, we identified a stable tridomain (residues 2—-629), and solved a 2.4-
A crystal structure by single-wavelength anomalous diffraction (SAD) from the
selenomethionyl protein (Figure 2a, Supplementary Table 1). Crystal growth required two
serendipitous amino acid substitutions (S2741, Q528P) that were introduced during cloning
and are located in crystal contacts. AprA AR-MT-GNAT is monomeric in crystals and in
solution as determined by gel filtration chromatography. The MT1 domain (residues 241—
505) has a typical class | MT fold and forms the SAM-binding core. The crystallization
solution included SAM, but crystals contained the hydrolysis product S
adenosylhomocysteine (SAH) with clear density for the adenosine portion and poorly
ordered homocysteine (Figure 3a, Supplementary Figure 3a). The mysterious AR domain
(residues 1-227) is a large helical lid capping the MT1 core. As MTs typically include a lid
domain, hereafter we refer to the AR-MT1 didomain as MT1. The substantial sequence
conservation within the lid consists of hydrophobic side chains that pack in the domain
interior. A highly conserved 13-residue linker (residues 228-240) connects the MT1 lid and
core, and is adjacent to the SAM binding site, but was disordered and lacked electron
density.

The AprA GNAT (residues 505-621) is closely associated with MT1, with only four amino
acids between the last p-strand of the MT1 core and the first p-strand of the GNAT. The
GNAT packs against a hydrophobic surface of MT1 helix 22, perhaps explaining why
attempts to produce MT1 without GNAT resulted in insoluble protein. Interestingly, the
AprA and CurA GNAT domains are highly similar for the first ~90 amino acids, after which
the structures and sequences diverge abruptly (Supplementary Figure 2). AprA GNAT is ~70
amino acids shorter than the CurA GNAT, specifically lacking the substrate binding tunnel
and the His and Thr residues critical for decarboxylation (Supplementary Figure 4a) 13,
Attempts to produce a longer MT1-GNAT resulted in insoluble protein. Based on the
structure superposition and sequence alignment, we conclude that the AprA GNAT is not a
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decarboxylase, and moreover, appears to be a remnant protein lacking a catalytic role and
can be reclassified as a pseudo-GNAT (Y GNAT).

Structural homology of MT1

Among all entries in the structure database, the AprA MT1 core domain structure is most
similar to the two PKS C-methyltransferases, the CurJ MT domain (PDB 5THY, 13%
sequence identity, RMSD 3.0 A for 98 core Ca atoms) (Supplementary Figure 4) and the
fungal-derived citrinin MT domain (5SMPT, 13% identity, RMSD 2.0 A for 112 Ca. atoms),
which methylate the B-keto intermediate produced by a KS condensation reaction 28: 29,
Another homolog is MppJ (4KIG, 15% identity, RMSD 2.9 A for 121 Ca atoms), a
methyltransferase from the mannopeptimycin biosynthetic pathway in Streptomyces
hygroscopicus. MppJ uses a mononuclear iron, coordinated by two histidines and two waters
bridged to an aspartic acid, to facilitate C-methylation at the benzylic position of
phenylpyruvate 30, In the AprA MT1-WGNAT structure, His369 and His456 near the SAM
binding site appeared to be positioned perfectly to serve as metal ligands similar to those in
MppJ.

AprA MT1 catalyzes iron-dependent methyltransfer

AprA MT1-YGNAT was tested for SAM-dependent methyl transfer activity on a variety of
acyl-ACPs (malonyl, methylmalonyl, acetyl, propionyl, isobutyryl) using excised AprA
ACP. Reaction mixtures were monitored for product formation by mass spectrometry (MS)
detection of ACP species. The phosphopantetheine (Ppant) ejection assay, which dissociates
the Ppant fragment from the ACP phosphoserine linkage during ionization, was used for
quantification based upon the relative abundance of Ppant species 31 32. No activity was
observed for any acyl-ACP substrate tested. Inspired by the metal dependence of MppJ, we
screened a panel of biologically relevant metals for their effect on activity (Figure 4,
Supplementary Figure 5, 6). AprA MT1-¥GNAT catalyzed methylation of malonyl-ACP to
methylmalonyl-ACP in the presence of Fe2*, Mn?*, Co2*, and Ni2*. With added Fe2* under
aerobic conditions, MT1-WGNAT had a nearly three-fold higher activity than with the other
active metals. Additionally aerobic reconstitution with Fe2* yielded significant quantities of
dimethylmalonyl-ACP (Figure 4b). As Fe2* readily oxidizes to Fe3* in aerobic environments
and as activity is greatly reduced under anaerobic conditions, we infer that Fe3* is the active
metal.

AprA MT1-¥GNAT also methylated malonyl- and methylmalonyl-CoA, but had twofold
lower activity with CoA-linked than with ACP-linked substrates under similar reaction
conditions (Supplementary Figure 7). Like AprA MT1, GphF MT1 also catalyzed Mn- and
SAM-dependent methylation of malonyl-ACP, and produced both methylmalonyl- and
dimethylmalonyl-ACP with Fe3* (Supplementary Figure 8). This GphF MT1 activity is
consistent with the predicted isobutyryl starter unit of gephyronic acid biosynthesis 18.

In contrast to the methylation of malonyl-ACP, we detected no AprA MT1 methylation of
acetyl, propionyl, or isobutyryl-ACP in the presence of Fe3* (Supplementary Figure 9a, 9b,
9c¢). There was also no detectable decarboxylation of malonyl-, methylmalonyl- or
dimethylmalonyl-ACP in mass spectra of intact ACP species (Supplementary Figure 5b), nor
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any enzyme-catalyzed acyl transfer from malonyl-CoA or methylmalonyl-CoA to the AprA
ACP (Supplementary Figure 9d, 9e), confirming that AprA W GNAT has no catalytic
activity.

Metal binding triggers tunnel formation

The metal in MT1 is labile; AprA MT1 purified without bound metal, and after
reconstitution, did not retain iron during size exclusion chromatography. This property
contrasts with MppJ, which co-purified with Fe3* 30, Metal addition blocked AprA MT1-
WGNAT crystallization in the previously identified conditions, but new conditions with 5
mM MnCl;, resulted in a new crystal form and a 1.8-A structure of AprA MT1-¥GNAT
S2741/Q528P (Figure 2b and Supplementary Table 1). Mn2* is bound ~6 A from the SAM
methyl donor. The octahedral coordination sphere consists of three water ligands and three
protein ligands (Figure 3b), including GIn461 and the predicted His369 and His456. These
three ligands are conserved in MT1 homologs (Supplementary Figure 1), the only
exceptions being a few cases of GIn in place of His456. No charged ligand resides in the first
coordination shell, but one water ligand is bridged to Asp370. A D370N substitution
resulted in a slight decrease in activity (Figure 6).

Metal binding induced a substantial reorganization of the active site, especially in the
conserved linker between the MT1 lid and core (residues 228-240), which was disordered in
the metal-free structure. Amino acids 228-251 form a helix (helix 14) and loop that extend
over the metal center and SAM binding site, and create a tunnel between the lid and core
(Figure 2b, 3b). Surprisingly, intact SAM was bound in the MnZ* complex, suggesting that
the fully formed active site protects SAM from hydrolysis. In contrast to the metal-free
structure, the methionine portion of SAM was well ordered (Figure 3b, Supplementary
Figure 3b). The SAM carboxylate is hydrogen bonded with the His249 imidazole, which
points into the active site between SAM and Mn2* (Figure 5). A H249A substitution
abolished activity with malonyl-ACP substrates (Figure 6). Second-shell interactions at the
metal center are also important to catalysis. The GIn461 and His369 metal ligands are
positioned by conserved residues Tyr206 in the lid domain, and Glu431 in the core. A
Y206F substitution eliminated activity (Figure 6). His462 lies on a loop following His456
and GIn461, and appears to stabilize these ligands through hydrogen bonds with adjacent
loops. Substitution at His462 resulted in a twofold decrease in activity (Figure 6).

Substrate Binding and Catalysis

In order to understand how the metal center promotes catalysis, we obtained a 1.85-A
structure for an MT1-W GNAT complex with MnZ*, SAM and malonate (Figure 3c, 5,
Supplementary Table 1). Malonate binds directly to Mn?* as a bidentate ligand in which one
coordination bond from each carboxylate displaces a water ligand. One malonate
carboxylate is clearly in the position of the terminal group of malonyl-ACP as it forms three
hydrogen bonds with conserved amino acids: Tyr206, Asn241 and GIn461, which are in turn
positioned by an extensive hydrogen bond network with other conserved residues [Ser205 in
the lid, and Glu233 and Arg238 in the re-ordered lid-core connector, (Figure 5)]. Methy!l
transfer activity was abolished by substitution of Asn241 or any connector amino acids in
the hydrogen bond network, including His235 (Figure 6). The second malonate carboxylate
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is well positioned to form the thioester with the ACP Ppant as it lacks hydrogen bonds to the
protein and the non-coordinated oxygen points into the tunnel between the lid and core. Like
the metal center, the malonate has no direct contact with charged amino acids. This should
enhance the ionic interaction of malonate and metal, and the ability of the metal to promote
methyl transfer.

Metal-dependent MTs typically require Ca* or MgZ*, which functions to position the
substrate for methyl addition and proton abstraction from a relatively acidic oxygen 33-35,
Compared to a hydroxy oxygen, the weak acidity of the a-carbon renders malonyl-ACP a
far more challenging methylation target. The mannopeptimycin methyltransferase MppJ,
which methylates phenylpyruvate at a benzylic carbon of similarly weak acidity 39, provides
a direct precedent for the Fe3*-dependence of the AprA MT1.

We propose that the metal facilitates catalysis by acting as a Lewis acid to lower the pKa of
the malonyl or methylmalonyl a-carbon, leading to deprotonation, enolate formation and
attack of the SAM methyl (Figure 7), similar to the mechanism proposed for Co2*-
dependent epimerization of methylmalonyl-CoA 36. The positions of malonate and SAM
indicate that the product of the first methyl transfer is (S)-methylmalonyl-ACP (Figure 3c,
5). The malonyl a-carbon is 6.8 A from the SAM methyl, suggesting that further closure of
the MT1 active site occurs prior to methyl transfer. Tyr455 and Ser245 are the only amino
acids in the active site positioned (5.0 A and 4.1 A, respectively) to accept an a-proton.
Interestingly, a Y455F substitution and an S245A substitution abrogated the second methyl
transfer but not the first (Figure 6b). This raises the possibility that one of these side chains
accepts the a.(/)-proton in the second methyl transfer reaction and that another base accepts
the a.(S)-proton prior to the first methyl transfer. The only candidate for an a.(S)-proton
acceptor is the water molecule that bridges Asp370 and the metal (3.5 A from the malonyl
a-carbon).

The few examples of mononuclear iron as a Lewis acid include nitrile hydratase and the
MppJ MT, which both employ Fe3*30.37. 38 Ferric iron supports AprA MT1 catalysis, as
our assays were performed in an aerobic environment over several hours and activity was
diminished under anaerobic conditions (Figure 4). Although AprA can perform
monomethylation with Co?*, Fe2*, MnZ*, and Ni2*, dimethylation is dependent on Fe3* as a
co-factor (Figure 4b). We infer that the second AprA MT1 methylation is more energetically
demanding than the first due to the difference in pKa values reported for methyl ester forms
of malonate (15.9) and methylmalonate (18.0) 3°. Ferric iron may be uniquely capable of
facilitating the removal of the second proton for the formation of dimethylmalonyl-ACP, as
it is a stronger Lewis acid than Co2*, FeZ*, Mn2* and Ni2*. Despite the biosynthetic
challenge, nature has evolved other approaches to generate the dimethylmalony!l biosynthetic
subunit, as two non-metal dependent PKS extension module C-MTs have also been reported
to produce dimethylmalonyl-ACP 40-42,

Ppant Modeling

We modeled malonyl-Ppant into the AprA MT1 structure based on the outermost
carboxylate of bound malonate (Figure 8a). The tunnel width and length are well matched
for threading Ppant to deliver malonyl to the active site. The Ppant could interact with
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conserved tunnel residues GIn248 and Arg496, which coordinates a glycerol molecule from
the crystallization solution. Although Arg496 is 10 A from the metal center, an Ala
substitution abolished activity (Figure 6a), suggesting that Ppant interactions within the
tunnel are essential for activity. The proposed Ppant tunnel entrance is surrounded by
positively charged amino acids (Arg196, Lys251, Lys290). R196E, K251E and K490E
variants yielded no activity (Figure 6a). A complementary negatively charged surface is
adjacent to the Ppant attachment site (Ser1093) in a homology model for AprA ACP. This
charge complementarity may facilitate the interaction between AprA MT1 and ACP (Figure
8b, 8c). Ppant binding in the tunnel is compatible with exchange of SAH for SAM through
the opposite end of the tunnel, facilitating the second methylation reaction prior to
disengagement of methylmalonyl-ACP (Figure 8a). Evidence that two methylations occur
prior to dissociation of ACP from the enzyme comes from the nearly identical accumulation
rates of methylmalonyl-ACP and dimethylmalonyl-ACP in a reaction starting with malonyI-
ACP, indicating no initial accumulation of the singly methylated product, methylmalonyl-
ACP (Supplementary Figure 6a).

Relation of AprA MT1 to other PKS MTs

Of the several hundred MT structures in the structure database, AprA MT1 most closely
resembles the MTs from PKS extension steps 2829, All class | SAM-dependent MTs are
thought to have a common ancestor, but the superfamily has several highly diverged
branches. AprA shares several features with the PKS extension module MTs
(Supplementary Figure 4b, 4c) 28, including a lid-interacting insertion between B-strands
five and six of the core. The lid domains are topologically similar at the N-termini, but the
AprA MT1 lid (formerly known as AR) is much larger due to a C-terminal extension. We
previously showed that conserved His and Glu amino acids are essential to methyl transfer
by the CurJ extension-module MT, and proposed that the His imidazole is the catalytic base
that accepts a proton from the a-carbon of the B-ketoacyl-ACP substrate 2. By structure
superposition, the critical His and Glu of extension-module MTs correspond to AprA MT1
His369 and Glu431, which are also conserved in GNAT loading modules (Supplementary
Figure 4d, 4e). His369 is a metal ligand, and Glu431 is hydrogen bonded to the second
imidazole nitrogen of His369, exactly as in the CurJ MT. Interestingly, CurJ MT acts on
acetoacetyl-ACP, but has no activity with malonyl-ACP, even with the addition of iron
(Supplementary Figure 9f), and lacks the other metal ligands (His456 and GIn461). Thus, it
appears that an ancestral extension-step MT acquired a metal center as it adapted from a-
methylation of p-ketoacyl-ACP to the more energetically demanding a.-methylation of -
carboxyacyl-ACP.

The dual entrances to the active site are a major difference between AprA MT1 and both the
PKS extension C-MTs, which have a single active-site entrance. In extension module C-
MTs, the Ppant tunnel entrance is blocked by an N-terminal helix 28, Thus, it appears that
AprA MT1 has specifically evolved two active site entrances, which may be essential to
performing the dimethylation reaction.
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Functional Annotation of GNAT Loading Modules

The discovery of iron-dependent methylation of malonyl-ACP by AprA MT1 and homologs
permits the functional annotation of branched-chain acyl group production by GNAT loading
modules for several PKS pathways, including bryostatin (pivalate), gephyronic acid
(isobutyryl), myxovirescin (propionyl) and saxitoxin (propionyl). The loading modules that
generate pivaloyl-ACP, AprA and BryX, have an MT1-¥ GNAT-MT2-ACP architecture, as
the WGNAT lacks the His and Thr/Ser residues required for decarboxylation and also the
substrate tunnel for malonyl-CoA binding 13. Consistent with the structure and sequence we
observed no decarboxylation of malonyl-, methylmalonyl- or dimethylmalonyl-ACP in
assays of AprA MT1-WGNAT. Additionally, no malonyl- or methylmalonyl-CoA transfer to
the ACP was observed by the YGNAT (Supplementary Figure 9d, 9e). Thus, for the MT1-
YGNAT-MT2-ACP loading modules AprA and BryX, the identity of the enzyme
responsible for activating and catalyzing transfer of the malonyl group onto the ACP is
unknown, as is the identity of the corresponding decarboxylase.

In modules containing MT1-GNAT-ACP, such as GphF, Tal and SxtA (Figure 1b, 1c), MT1
catalyzes one or two methyl transfer reactions on malonyl-ACP. No evident sequence motifs
or structural features distinguish monomethylating and dimethylating MT1 enzymes. The
methylmalonyl- or dimethylmalonyl-ACP product should be decarboxylated by GNAT to
yield propionyl- or isobutyryl-ACP starter units, as all GNAT domains in MT1-GNAT-ACP
modules contain the His and Thr/Ser side chains required for decarboxylation 13. Unlike the
CurA GNAT, the GNAT of pathways with branched-chain starter units should not catalyze
decarboxylation of malonyl-CoA. These GNATs may transfer malonyl from CoA to ACP to
initiate starter unit biosynthesis, however this would require the ACP-bound substrate to
occupy the GNAT active site both before and after MT1 methylation. This process could
additionally lead to aberrant product formation through premature decarboxylation of
malonyl-ACP. Therefore for propionyl- or isobutyryl-ACP production, we reason that an
enzyme outside the module transfers malonyl to the ACP. For pathways with /n trans
acyltransferases (AT), one or more loading enzymes are encoded in the gene cluster. For
pathways with /n cis ATs, the loading enzyme is unknown, but may be a malonyl
acyltransferase from fatty acid biosynthesis, as observed in other polyketide pathways 4343,

Evolution of GNAT Loading Modules

The extant GNAT loading modules are remarkable examples of PKS evolution in action.
AR-MT1-GNAT-ACP modules are capable of synthesizing propionyl or isobutyryl starter
units. In order to form a pivaloyl starter unit, a second methyltransferase (MT2), which is
most similar to PKS extension-step C-MTSs, is inserted into the module. However, it appears
that the decarboxylation and acyltransfer functions of GNAT were lost in pivaloyl-producing
modules, yielding a ¥ GNAT. GNAT loading modules that introduce an acetyl starter unit are
presumed to function like the CurA GNAT by decarboxylation of malonyl-CoA and acetyl
transfer to the ACP. Several of these loading modules retain vestiges of an MT ancestor. For
example, the MT1 core domain was lost from the curacin A loading module (Figure 1f) but
the AR, which we now know is a remarkably large MT1 lid, was retained and enhances, but
is not required for, GNAT loading activity!3. In contrast, GNAT loading modules from the
batumin (Bat) and nosperin (Nsp) pathways have lost the AR and contain only MT1qye-
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GNAT-ACP (Figure 1e) 46:47. The rhizoxin GNAT loading module has homologs of all
domains, but the MT1 appears to be non-functional (Figure 1d). Finally, minimal GNAT
loading modules in the bongkrekic acid (Bon), onnamide A (Onn), and pederin (Ped)
pathways contain only GNAT and ACP (Figure 1g) 48-50,

In conclusion, we have characterized an unusual Fe3*- and SAM-dependent
methyltransferase involved in the production of branched polyketide starter units. Although
related to other PKS MTs, the MTs of GNAT loading modules have evolved to have two
active site entrances to facilitate dimethylation. A crystal structure in complex with
malonate, a substrate mimic, reveals an elegant conserved hydrogen bond network
responsible for positioning the substrate. Functional and structural characterization of the
AprA MT1 provides key insights to enable a more robust annotation of GNAT loading
modules found in diverse microorganisms.

Construct Design, Protein Expression, and Purification

Full-length aprA was amplified from an apratoxin fosmid library 20 and cloned into
pMCSG7 °1 via ligation independent cloning (LIC) to create pAPS1. The region encoding
MT1-WGNAT (AprA residues 2-629) was subcloned from pAPSL1 to create pMAS286. This
plasmid contains two PCR-induced missense mutations (S2741 and Q528P), which were
corrected using the QuickChange protocol (Stratagene) to create pMAS354. All qprA site-
directed mutants were created from pMAS286. The region encoding AprA WY GNAT (AprA
residues 503-629) was subcloned from pAPS1 to create pMAS246. The region encoding
AprA ACP (AprA residues 1058-1138) was subcloned from pAPS1 to create pAPS2.
Plasmid pAPS3 was created by subcloning the sequence encoding GphF MT1-GNAT (GphF
residues 2—-696) from a partial gphF clone kindly provided by Richard Taylor (Notre Dame
University) 18, A GphF/H660A mutation was introduced (pMAS335) to block GphF GNAT
decarboxylase activity. DNA sequencing was performed at the University of Michigan DNA
Sequencing Core to verify all constructs and mutations. All constructs were recombinantly
expressed in Escherichia coli and purified using nickel affinity and gel filtration
chromatography.

Enzyme Assays

Acyl-ACPs were produced via incubation with acyl-CoAs and Streptomyces verticillus
phosphopantetheinyl transferase (SVP). All assays were conducted in triplicate. 10 uL AprA
methylation reaction mixtures containing 100 uM AprA acetyl-, isobutyryl-, malonyl-,
methylmalonyl-, or propionyl-ACP were incubated with 25 pM wild type or mutagenized
AprA MT1-¥GNAT or AprA ¥ GNAT, 1.35 mM SAM, and 0.5 mM CaCl,, CoCl,, CuSOy,
(NH_4)2Fe(SO4)2, NiSO4, MgCly, MnCly, NagMoOy, or ZnClsy, in 50 mM Hepes 7.4, 150
mM NaCl. For anaerobic reactions, all buffers were degassed through several freeze-pump-
thaw cycles and brought into an anaerobic glove box. Solid (NH4),Fe(SO4), and SAM, and
aliquots of AprA MT1-¥GNAT and ACP were preincubated for 1 hr in the anaerobic
environment in a 0-4°C CoolBox prior to preparing Fe2* and SAM solutions and reaction
mixtures. Reactions were incubated 5 hr at 30°C (or 4 hr for the time course). AprA
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acyltransfer reaction mixtures (10 uL) containing 100 uM AprA holo-ACP were incubated
with 25 uM AprA YGNAT and 0.5 mM malonyl- or methylmalonyl-CoA in 50 mM Hepes
7.4, 150 mM NaCl. Reactions were incubated at 30°C for 10 hr. CurJ C-MT reaction
mixtures (10 uL) containing 100 uM JamJ apo ACP, 25 uM CurJ C-MT, 10 uM SVP, 1 mM
MgCl,, 1.35 mM SAM, 0.5 mM (NH,4)2Fe(SO4)2, and 0.5 mM malonyl-CoA in 50 mM
Hepes 7.4, 150 mM NaCl. Reactions were incubated at 30°C for 5 hr. GphF reaction
mixtures (10 pL) contained 100 uM AprA malonyl-ACP, 50 uM GphF MT1-GNAT H660A,
1.35 mM SAM, and 0.5 mM (NHj4)2Fe(SO4)2 or MnCly, in 50 mM Hepes pH 7.4, 150 mM
NaCl. Reactions were incubated at 20°C for 24 hr and quenched with 10% (v/v) formic acid
prior to LC/MS analysis. Enzyme assays were slightly modified to assess AprA MT1-
WGNAT activity on CoA substrates by monitoring absorbance at 254 nm of reaction
mixtures separated by HPLC.

Protein Crystallization and Structure Determination

Crystal structures of AprA MT1-WGNAT were solved for a serendipitous double-
substitution (S2741/Q528P) that was introduced during amplification of the gene and was
essential to crystallization. The double substitution had no effect on catalytic activity. Native
and SeMet AprA MT1-YGNAT/S2741/Q528P was crystallized by vapor diffusion in a 1:2
L mixture of protein stock (10-11 mg mL"1 AprA MT1-¥GNAT in Tris buffer C with 1
mM SAM) and well solution (2.4-2.5 M (NHy4)2SOy4, 0.1 M Tris pH 8.5) at 4°C. Crystals
were cryoprotected in 2.4 M (NH,4)»,SO4 supplemented with 25% (v/v) glycerol and flash
cooled in liquid nitrogen. Single-wavelength anomalous diffraction was used to determine
the AprA MT1-WYGNAT structure.

Mn-bound AprA MT1-YGNAT/S2741/Q528P was crystallized by vapor diffusion ina 2:1
uL mixture of protein stock (10-11 mg mL"1 of AprA MT1-GNAT in Tris buffer C with 1
mM SAM and 5 mM MnCl,) and well solution (0.15 M DL-malic acid pH 7.0, 20% (w/v)
PEG 3350) at 20°C. Malonate- and Mn-bound AprA MT1-YGNAT/S2741/Q528P was
crystallized by vapor diffusion in a 1:1 pL mixture of protein stock (1011 mg mL™1 AprA
MT1-WGNAT in Tris buffer C with 1 mM SAM and 5 mM MnCl,) and well solution (0.05
M sodium malonate, 16% (w/v) PEG 3350) at 4°C. A fully refined apo AprA MT1-YGNAT
structure was used to solve the structure of Mn bound AprA MT1-¥GNAT and Malonate-
and Mn-bound AprA MT1-YGNAT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Domain architecture of GNAT loading modules: Adaptor region (AR), methyltransferase
(MT), GCNb5-related A-acetyltransferase (GNAT), acyl carrier protein (ACP). Starter units
produced by GNAT loading modules in select metabolites are colored in red. Pathway
abbreviations are as follows: Apr- apratoxin A, Bry- bryostatin, Gph- gephyronic acid, Sxt-
saxitoxin, Ta- myxovirescin A, Rhi- rhizoxin, Bat- batumin, Nsp- nosperin, Cur- curacin A,
Bon- bongkrekic acid, Onn- onnamide, Ped- pederin.
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a.

Figure 2.
Structures of AprA AR-MT1-YGNAT colored by structural region (AR, purple; MT1, blue;

WGNAT, green). SAH or SAM is shown in sticks with atomic colors (C, gray; O, red; N,
blue; S, yellow). Disordered residues in the lid-core connector (228-240) are indicated with
a dashed line. a) AprA AR-MT1-¥GNAT. b) AprA AR-MT1-¥GNAT with bound Mn2*,
Mn is shown as a gray sphere and water ligands as red spheres.
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Figure 3.
AprA MT1 active sites. a) Metal-free AprA MT1-WGNAT with SAH. Arg227 before and

Asn241 after the disordered lid-core linker are designated with spheres. b) AprA MT1-
¥GNAT with Mn2* and SAM. c) AprA MT1-¥GNAT substrate complex with Mn2*,
malonate and SAM. MT1 structural regions are colored as in Figure 2. Mn?* (gray) and
water ligands (red) are shown as spheres. Mn2* ligands (blue C), SAH/SAM (gray C), and
malonate (orange C) are shown in sticks with atomic colors.
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AprA MT1-YGNAT activity. a) Metal profile of reactions with malonyl-ACP. The percent
of Ppant ejection fragments from methylmalonyl- and dimethylmalonyl-ACP are represented
as equivalents of SAM consumed. b) Ratios of methylmalonyl-ACP and dimethylmalonyl-
ACP products of the reactions in a. Error bars represent triplicate experiments and, in some
cases, are too small to be visible.
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d.

N241

Al

Figureb.
Key amino acids for substrate binding. (A) Malonate interactions at the metal center. (B)

Hydrogen bond network in lid-core connector (amino acids 228-251). Amino acid side
chains (purple C, blue C), SAM (gray C), and malonate (orange C) are shown in sticks with
atomic coloring, hydrogen bonds as dashed lines, and metal coordination bonds as solid
lines.
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Figure®6.
Relative methylation activities of wild type AprA MT1-WGNAT, serendipitous

crystallization substitution (S2741/Q528P), and active site variants. a) SAM consumption in
reactions with malonyl-ACP. b) Ratios of methylmalonyl-ACP and dimethylmalonyl-ACP
products from a. Error bars represent triplicate experiments and, in some cases, are too small
to be visible.
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Figure 7.
AprA MT1 mechanism. Fe3* acts as a Lewis acid to promote methylation at the a.-carbon of

malonyl-ACP to produce (S)-methylmalonyl-CoA. Methylmalonyl-ACP is subsequently
methylated to dimethylmalonyl-ACP.
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Figure8.
Malonyl-Ppant substrate modeling. a) MT1-WGNAT surface showing Ppant, SAM and the

tunnel created by active site assembly. Ppant (orange C) and SAM (gray C) are shown in
sticks. Modeled malonyl-Ppant spans tunnel between the MT1 lid (purple) and core (blue).
SAH can exchange with SAM while the substrate is still bound in the active site. b)
Electrostatic surface of AprA c) Electrostatic surface of homology model of AprA GNAT.
Ser1093 is the Ppant attachment site. Electrostatic surfaces shown at 5 kT/e, blue
electropositive, red electronegative.
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